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occur at a longer intermolecular distance than an excimer intermediate would impute. These results establish that an endothermic singlet fission material must be designed that avoids excimer formation, thus allowing singlet fission to reach its full potential in enhancing photovoltaic energy conversion.
Singlet fission (SF) is a process whereby a photo-generated singlet exciton splits into two spin-correlated triplet excitons. [1, 2] This can occur where the triplet exciton is about half the energy of the singlet exciton, and there is suitable coupling between two chromophores. [3, 4, 5, 6, 7, 8] It is of current interest since it offers the possibility to circumvent the ShockleyQueisser limit of single-threshold solar cells, such as those based on crystalline silicon (c-Si), but its detailed mechanism is a matter of some debate. [6, 9, 10, 4, 11, 12, 13, 14, 15, 16, 17] Exothermic SF, where the energy of two triplet excitons is lower than the initial singlet exciton, has been shown to proceed rapidly, with high yields, and has been incorporated into prototypical devices. [18, 19, 20, 21] However, the resulting triplet states are too low in energy to be coupled to existing efficient photovoltaic cells. Indeed, it has been shown that the most efficient SF solar cell should exhibit fission that is endothermic, energetically "uphill", corresponding to an upper energy conversion efficiency limit of 45.9%. [22, 23] In principle, SF is applicable to any semiconductor material, be it c-Si, perovskite, or chalcogenide.
One class of chromophores that exhibits endothermic fission is the tetracene derivatives.
These are especially interesting for potential solar energy applications because their triplet energies (∼ 1.2 eV) are slightly above the band gap of silicon (1.12 eV), offering the possibility to significantly boost the efficiency of c-Si cells. But, the exciton dynamics of tetracene are far from straightforward. [12, 24, 25, 26, 27] Tetracene films exhibit a rapid dimming of photo-generated singlet excitons with a timeconstant of about 80 ps. [24, 28, 25] However, while this has been associated with SF, it has been demonstrated to have no significant temperature dependence, despite its endothermic na- ture. This has necessitated the invocation of a lower energy, spectroscopically dim intermediate state. [29, 24] At low temperatures, this "intermediate" is trapped, and results in bathochromically shifted excimer-like emission. [29, 24] The idea that endothermic emission proceeds via an excimer of multi-excitonic (ME) character is supported by transient absorption spectroscopy in high concentration solutions of 5,12-bis((triisopropylsilyl)ethynyl)tetracene (TIPS-Tc). Friend and co-workers [30] observed that the ME excimer exhibits a transient absorption spectrum much closer in appearance to the triplet state than the excited singlet, implying its role as an intermediate in SF. This idea has also been invoked by Mauck et al., who identified excimer-like precursors to SF in thin films of diketopyrrolopyrrole using transient optical spectroscopy. [31] These reports clash with a recent theoretical study on the electronic coupling between tetracene motifs predicting that excimer geometries have increased coupling to the ground state and increased rate of radiationless relaxation; therefore, the formation of an ME excimer may in fact be detrimental to SF. [32, 33] If the ME excimer were an intermediate to SF, it must also be observed in the reverse process, triplet-triplet annihilation. [34] In this report, we clearly demonstrate that this is not the case, and that a model of the time-resolved photoluminescence is not consistent with an ME excimer intermediate. Rather, SF primarily results from a direct pathway with the ME excimer acting as a trap, as illustrated in Figure 1 . This has important implications for the design of endothermic SF materials: ME excimer formation is to be avoided, as it does not aid in the SF process, but rather hinders it. was irradiated by a 670 nm laser pulse, the upconverted TIPS-Tc photoluminescence at shorter wavelengths results from annihilation of TIPS-Tc triplets (T 1 ). In photoluminescence studies of concentrated TIPS-Tc solutions, in which the S 1 state is directly excited at 500 nm, the emission rapidly takes on the appearance of an excimer, which has been shown by Friend and co-workers to be of multi-excitonic (ME) character. [30] The emission spectrum of a concentrated TIPS-Tc solution, 25 ns after excitation, is shown as the blue trace in Figure 2 . The disparity between these spectra (red and blue traces in Figure 2 ) is striking, and shows that the TTA process, which is the conjugate of SF, does not efficiently regenerate the ME excimer state. To see if this is also true of SF-generated triplets, we performed a time-resolved photoluminescence study of a concentrated TIPS-Tc solution, the results of which are plotted in Figure 3 . comes dominated by S 1 emission. This is consistent with the long-time emission being due to TTA which, as shown by the sensitized TTA experiments, generates a spectrum dominated by S 1 emission. An understanding of the interplay between the various states in this system necessitates a kinetic model.
The photogenerated S 1 states pair with ground state S 0 molecules to generate ME excimers on a picosecond time scale,
The ME excimers are widely considered to dissociate to yield free triplets,
Thirdly, as shown by our TTA experiments, there must exist a channel directly linking the free triplets with the S 1 manifold,
In the above processes, to satisfy detailed balance, each reverse process must balance the forward process such that the change in Gibbs energy is ∆G i = −k B log(k i /k i ). The cyclic nature of the above processes constrains the overall changes in Gibbs energy such that ∆G 1 + ∆G 2 + ∆G 3 = 0. The states S 1 , ME and T 1 decay (non)-radiatively to S 0 with rate constants
The TRPL in Figure 3 was fit with two independent spectra, with time-varying amplitudes, to extract the time-dependence of the S 1 and ME concentrations. The results of this procedure are shown in panel A of Figure 4 . It is important to note that the time-zero data point has been excluded from Figure 4 as the time-resolution of the TRPL (3 ns) is insufficient to resolve the initial picosecond decay of the S 1 population (see supplementary materials for optically-gated TRPL experiments). The extracted spectral weightings at time-zero has S 1 >ME (Figure S8 ), 7 but within the 3 ns time resolution the ME state becomes dominant. The ratio of ME and S 1
weightings are approximately constant for this initial time period ( 25 ns). After 25 ns, the ratio of ME to S 1 plummets (Figure 4 B) , and the S 1 spectrum once again becomes dominant after 65 ns. From 100 ns, the ratio of ME and S 1 weightings is again constant, with both spectra decaying with a long time constant.
We applied several kinetic models in an attempt to reproduce the observed data. In the first model, we constrained k 3 and k 3 to be zero, and fixed k 1 , k S , and k T from the results of TRPL experiments ( Figure S12 ). The free kinetic parameters are thus k 1 , k 2 , k 2 and k M E . Unsurprisingly, this model completely fails to capture the essence of the TRPL. The results are
shown as a grey dashed curve in Figure 4 B. Without the direct recombination channel (k 3 , TTA), the ratio of ME to S 1 cannot fall below that initially established with the
A second model, which constrains k 2 and k 2 to be zero, while allowing direct singlet fission (rate k 3 ) and TTA (k 3 ), fits the data admirably, as shown by the solid lines in Figure 4 A and B. The initial decay is described by an equilibrium between S 0 and ME while the population of T 1 increases due to a direct fission mechanism (k 3 ), while both S 1 and ME states decay.
After sufficient build-up of the T 1 population, it becomes the dominant source of nascent S 1 state molecules. This is accompanied by a change in the emission spectrum and the timeconstant, now controlled by the T 1 lifetime, determined here to be about 60 µs. The physicality of this model can be tested by inspecting the ratios k 1 /k 1 and k 3 /k 3 , which result in ∆G 1 = −0.13 eV, and ∆G 3 = −0.08 eV. Both have the appropriate sign, though ∆G 3 is a little smaller in magnitude than expected.
A model which includes both direct and indirect singlet fission naturally also fits the data well, having more free parameters, but is too unconstrained to be meaningful. However, by fixing ∆G 3 to be −0.08 eV, the model does not introduce significant rate constants for the 8 channel whereby the ME excimer dissociates into individual triplets, k 2 remaining more than three orders of magnitude below the competing dissociation, k 1 . By increasing the magnitude of ∆G 3 towards the expected value (see supplementary materials), the modelling abandons the M E 2T 1 channel altogether.
Furthermore, it may be reasoned that direct dissociation of the ME state into triplets is unphysical. The observed decay of the ME state, which controls the first time constant in Figure   4 , has a total rate exceeding 10 8 s −1 . Thus, for the ME state to dissociate into a significant population of triplets, k 2 must exceed ∼ 10 7 s −1 . However, given that ∆G 2 must be at least 0.2 eV, the TTA rate constant k 2 would exceed the diffusion limit by several times. As such, it is absolutely clear that the singlet fission (and triplet-triplet annihilation) channel is dominated by a direct mechanism from (to) the S 1 state, and that the ME state serves to trap the excited state population.
In films of multicrystalline tetracene, it has been widely assumed that the initial singlet exciton photoluminescence decay is associated with decay to a dull intermediate to singlet fission.
At low temperatures this is evidenced by red-shifted excimer-like emission. However, just like the present case, the delayed fluorescence, which is associated with TTA, is dominated by singlet excitons. The behaviour of multicrystalline tetracene is thus consistent with the present findings that the excimer-like state serves as a trap, and is not an intermediate to singlet fission.
The implications for the design of endothermic fission materials are clear. Since the ME excimer has a negligible fission rate, and its population naturally exceeds that of the fissionable S 1 state after equilibration, the ME excimer state is undesirable. It traps population and thus attenuates singlet fission, which must then compete against the decay of the ME state. Since cofacial π-chromophores are liable to exhibit excimer formation, we argue that these cannot be efficient endothermic singlet fission systems. Rather, for efficient endothermic fission to be realised, π − π interactions must be controlled. Achieving this will enable singlet fission to Figure 4 : A) MCR-ALS extracted S 1 and ME excimer emission components, as a function of time (inset: spectral components). B) The evolution of the ME:S 1 ratio with time. The grey dashed line is the result of a fit with a model that only incorporates fission via the ME state (see supplementary materials). The solid lines are the results of a fit with a model that only incorporates direct fission from S 1 . The time-zero data point has been cropped as the time-resolution of the TRPL (3 ns) is insufficient to resolve the prompt initial decay of the S 1 population.
